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      Observations of C namara Chaos regio of Europa made
by Galileo spacecraft suggests a rigid ice crust thickness of
~2 km at most, above a liquid water or ductile ice layer,
during late stage of geological activity, that it could continue
today [1, 2]. Moreover, the presence near Conamara Chaos
of domes, pits and dark spots, is interpreted by Pappalardo
et al. [2] as evidence of diapirism, which is probably in-
duced from a ductile ice layer in convection below brittle
ice.
      A few kilometers (or only hundreds of meters) rigid
crust, seems to involve the existence of high heat flows [3].
Still more, the thickness analysis of the potentially convec-
tive layer in the onset of convection, in relation to domes,
pits and dark spots spaced, suggest heat flows of ~100-200
mW m-2 at time of deformation [4], much higher than ob-
tained by tidal heating models [5-7]. Here we analyze the
brittle-ductile transition depth in the ice shell of Europa in
terms of heat flow, using rheological profiles technique [8,
9], which is frequently used in comparison of frictional and
ductile strength in terrestrial lithosphere. To determinate
depth, “real” strength is the lower of both.
      If we assume existence of cohesionless weakness planes
in all orientations, frictional strength can be described by
         (s1-s3)f  = a r g h (1-l) ,                                      (1)
where r is density above considered level (in Europa’s
shell, water ice density, 930 kg m-3 ), g is gravity accelera-
tion, assumed here as surface value (1.31 m s-2), h is depth,
and l is the pore fluid factor (ratio between pore fluids
pressure and lithostatic pressure). We can consider l = 0 in
an ice satellite, for that reason,
         (s1-s3)f  = a r g h .                                                (2)
a is a coefficient that depends on tectonic regime. It max-
mum in compression and minimum in tension; respectively
         acomp = B -1,                                                           (3)
         aten  = 1 - 1/B,                                                         (4)
where B = s1 /s3 is the stress ratio. It can be considered for
cohesionless fracture surfaces as
         B = 1/ [(1 + m2)1/2 - m]2 ,                                         (5)
where m  is the static coefficient of friction. For ice, m = 0.55
is the suitable value for stress in the normal to fracture
plane lesser than 20 MPa [10]. Whereas different tectonic
regimes we obtain comp = 1.86 and aten = 0.65.
      Ductile strength  can be calculated from general equa-
tion creep,
         (s1-s3)d = (·e d p/ A)1/ n exp (Q / nRTh ) ,                 (6)
where ·e is the strain rate, nominally 2 ´ 10-10 s-1 for Europa
[2], d is grain size, Q is the activation for creep, R = 8.3144
J mol-1 K-1 is the gas constant, Th emperature in the consid-
ered depth. A, p and n are constants. The mechanism that
do inate the deformation in the conditions of Europa’s ice
shell is grain boundary sliding, which depend on grain size
[11]. From dates in [11] Q = 49 kJ mol-1, A = 51.86 MPa– n
mm p s-1, p = 1.4 y n = 1.8 for grain boundary sliding. Th , is
described by
         Th = Ts exp ( F h / k0 ) ,                                           (7)
where Ts is the lithosphere’s top temperature, F is the verti-
cal heat flow through shell (assumed constant), y k0 = kT
(where k is  water ice’s thermal conductivity) = 567 W m-1
[12].
      In this work we calculate the ductile strength in terms of
heat flow. The calculations have been carried out starting
from two different temperatures for the top of ice litho-
sphere: 100 K, considered representative of mean tempera-
ture on the Europa surface [13], and 130 K, which roughly
corresponds to the one which is normally assigned to the
base of a possible isolating regolith layer on the surface [7,
14]. We have made the calculations for grain size of 0.1
mm, corresponding to surface observations [2], y 1 mm. The
results are shown in Figure 1.
      It is observed that the involved heat flows for a thick-
ness of brittle ice in Europa, in crust deformation time, of
~2 km at most, are strongly higher than obtained in tidal
heating models [5-7]. If we take a thickness rigid crust of ~2
km, the heat flow must be  ~100-200 mW m-2. These values
are equivalent to obtained from domes, pits and dark spots
spaced for the onset of convection [4]. Elsewhere, for lower
brittle ice thickness or larger grain heat flows should be
higher. In any case, it seems difficult to have a heat flow
lesser than ~100 mW m-2 in the late stage geologically a-
tive, around two times the highest proposal theoretic esti-
mations for Europa.
HEAT FLOW IN EUROPA:  J. Ruiz and R. Tejero
      Figure 1. Ductile strength (dashed curves) compared
with frictional strength (solid lines) for Europa’s ice shell.
Ductile strength is a function of heat flow, shown for every
curve (mW m-2 ).
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